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SECTION  1 
INTRODUCTION 


This  report  presents  the  results  of  work  relating  to  the  PNA 
infrared  field  program  performed  under  Contract  PNA  00] -79-C-001 .  Other 
work,  performed  under  the  same  contract,  dealing  with  recommendations  for 
improving  our  LIVIU  prediction  capability  for  a  nuclear  environment,  was 
reported  separately  in  Mission  Research  Corporation  report  MUC-U-583 
(Reference  I- 1 ) . 


Section  2  describes  calculations  performed  to  determine  the 

spatial  distribution  of  the  energy  deposition  rate  produced  in  the  upper 

atmosphere  by  the  injection  of  3-keV  electron  beams  incident  at  various 

pitch  angles  to  the  earth's  magnetic  field,  and  the  resultant  brightness 
°  + 

at  3914  A  from  excitation  of  the  N0  First  Negative  (0-0)  hand.  Contours 
of  constant  brightness,  viewing  normal  to  the  electron  beam,  are  obtained 
and  are  used  in  making  comparisons  with  the  profile  of  a  video  image  recorded 
from  the  ground  near  White  Sands,  New  Mexico  during  the  PRFCFPl;  II  event. 

Section  3  reports  the  preliminary  results  of  a  comparison  made 

o 

between  calculations  of  the  3914  A  brightness  from  a  3-kV,  7-A  electron 
beam  at  an  altitude  of  123  km  and  reduced  photographic  data  from  an  image 
recorded  by  a  camera  on  hoard  the  I:\C1; I >1;  rSPFCTUAT  rocket  over  Poker  Flat, 
Alaska.  The  significant  differences  between  theory  and  experiment  are 


Section  4  is  an  overall  summary  of  the  results  and  conclusions 
in  the  previous  two  sections,  and  presents  recommendations  for  work  to 
help  clarify  the  apparent  anomalous  behavior  of  electron  beams  in 
I.XCIiPF  exper i meats . 
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SECTION  2 

PRECEDE/EXCEDE  CALCULATIONS 


PRELIMINARY 

The  EXCEDE  experiments,  in  which  observations  are  made  of  the 
opt ical/ infrared  (IR)  and  ionization  effects  of  energy  deposition  in  the 
atmosphere  by  beams  of  kilovolt  electrons,  have  been  carried  out  by  the 
Air  Force  Geophysics  Laboratory  (AFGL)  for  DXA  in  the  past  few  years.  The 
ionization  levels  and  deposition  rates  achieved  in  these  experiments  approxi¬ 
mately  simulate  those  of  a  high-altitude  nuclear  detonation,  albeit  over  a 
much  more  confined  volume  of  space.  Calculation  of  the  TR  emission  from  the 
dosed  regions  proceeds  in  a  manner  analogous  to  that  for  a  nuclear  detonation, 
the  calculation  in  both  cases  starting  from  the  spatial  distribution  of  prompt 
energy  deposition.  Comparison  between  the  calculated  and  observed  emissions 
in  these  experiments  should  serve  as  an  important  aid  in  determining  the 
validity  of  our  calculat ional  techniques  for  a  nuclear  environment.  The 
purpose  of  the  work  reported  in  this  section  is  twofold.  First,  to  attempt 
to  verify  the  first  step  in  such  a  calculation,  namely,  the  prompt  energy 
deposition  surrounding  the  electron  gun.*  Second,  to  provide  energy  deposi¬ 
tion  contours  as  an  aid  in  planning  future  EXCHDE-type  experiments. 


*  A  port i on  of  this  work  was  supported  under  Subcontract  "8-0  L'  from  Utah 
State  University,  under  the  auspices  of  AICL. 
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The  basis  for  the  present  work  is  described  in  Reference  2-1.  In 
that  report,  the  theory  of  electron  deposition  in  a  magnetic  field  was 
developed  and  a  code  for  determining  the  spatial  distribution  of  energy  de¬ 
posited  about  an  electron  gun  in  the  atmosphere  was  subsequently  constructed. 
The  theory,  embodied  in  the  code,  is  applicable  when  the  electron  mean  free 
path,  X,  is  at  least  twice  the  Larmour  radius,  R^.  Under  these  conditions, 
the  magnetic  field  provides  the  main  symmetry  and  controls  the  radial  dis¬ 
persion  of  the  deposition  which  is  then  independent  of  altitude.  In  the 
opposite  limit,  X/R^  <<  1 ,  the  magnetic  field  is  unimportant,  deposition 
symmetry  is  about  the  beam  axis,  and  the  radial  dispersion  is  altitude  de¬ 
pendent.  .An  altitude  plot  of  A/R^,  for  selected  values  of  the  initial 
electron  energy,  is  shown  in  Figure  2-1.  From  this  figure  we  see  that  for  a 
3  keV  beam  (which  is  characteristic  of  the  EXCEDE  experiments)  the  code  should 
be  applicable  at  altitudes  above  about  94  km. 

In  Reference  2-1,  sample  results  are  shown  for  a  3-keV  electron 

beam  incident,  initially,  at  various  pitch  angles,  0^,  to  the  earth’s  magnetic 

field.  Included  are  contour  plots  of  the  volume  deposition  rate  in  scaled 

units  (eV/gm)  as  functions  of  the  radial  distance  (meters)  from  the  central 

2 

guiding  field  line  and  distance  (gm/cnT)  along  the  field  line  from  the 
electron  gun  nozzle.  In  the  present  work,  we  have  gone  beyond  these  calcu¬ 
lations  by  (1)  extending  the  spatial  region  over  which  the  calculations  are 
performed  by  approximately  a  factor  of  2  in  both  along-the-f ield  and  normal- 
to-the-field  directions,  (2)  performing  the  calculations  for  different 
electron  pitch  angles,  and  (3)  providing  contours  of  brightness  (column 
deposition  rate)  normal  to  the  earth’s  field. 

The  results  of  these  calculations  are  presented  below  together  with 
a  detailed  comparison  between  a  calculated  and  observed  image  from  the  PRECEDE 
II  event. 
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ENERGY  DEPOSITION  BY  3-KEV  ELECTRON  BEAM 


The  electron  beam  deposition  code  has  been  run  to  obtain  results 

relating  to  the  spatial  distribution  of  energy  about  a  k eV  beams  for  parametric 

values  of  the  initial  electron  pitch  ancle  I  he  kev  quant  it v  calculated  is 

‘  o  1 

the  volume  deposition  rate,  d*  dt ,  from  which  other  useful  quantities  can  be 

determined.  In  Reference  2-1,  normalized  volume  deposition  rate  contours  for 

a  -ingle  3-keV  electron  were  presented  for  pitch  angles  between  0°  and  90° 

incremented  by  IS0.  Those  calculations  were  repeated  for  a  larger  deposition 

volume  and  augmented  by  additional  ca 1 vu 1  at i ons  for  pitch  angles  65°,  80°, 

S3 ^  ,  and  88°.  1  i  cures  2-2  and  2-3  ^hew  sample  results  for  -  0°  and  88°, 

respectively.  In  these  figures,  the  ordinate,  R,  is  the  distance  (meters') 

along  a  normal  to  the  initial  guiding  field  fine,  the  abscissa,  Z,  is  the 

distance  <  gm  cm  ”i  along  the  initial  guiding  field  line  measured  from  the 

gun  exit.  Deposition  at  negative  values  for  Z  arises  from  electron 

scattering.  The  contour  values  are  in  units  of  cV  gm  *  but  they  can  be 

- ^  - 1  18 

converted  to  units  of  eV  cm  '  sec  by  multiplying  by  6.25*  10  Ip,  where 
I  is  the  current  in  amperes  and  .  is  the  local  density  in  gm  cm  The 
distance,  Z,  parallel  to  the  field  can  be  converted  to  units"  of  cm  by 
dividing  by 


figures  2-4  through  2-14  show  contours  of  constant  brightness 

(column  deposition  rate)  viewing  normal  to  the  field  lines  for  a  single 

3-keV  electron  incident,  initially,  at  selected  pitch  angles,  0  ,  to  the 

earth's  field.  The  ordinate,  D,  is  the  perpendicular  distance  (meters)  from 

the  initial  guiding  field  line  and  the  abscissa,  Z,  is  again  t he  distance 
_  -> 

(gm  cm  w)  along  the  field  from  the  gun  exit.  To  convert  to  real  space, 
divide  Z  by  p,  and  to  convert  the  contour  values,  in  units  of  eV  cm  gm  ^ , 

- _  i  18 

to  units  of  el  cm  sec  ,  multiply  by  6.25*10  To.  The  contour  values 

o 

can  he  converted  to  units  of  k i loray lei ghs  (kR)  of  3914  A  emissions  as  follows: 

°  f 

kR(3914  A)  =  8 . 9  *  1 0 (amps) p (gm  cm  ^)  *  Contour  Value 

*  This  conversion  assumes  a  fluorescence  efficiency  for  the  N*  first 
Negative  emission  at  3914  A  of  4.5*  10"^. 
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Figure  2-3.  Volume  deposition  rate  of  3-keV  electron  beam  in  earth 
magnetic  field  in  normalized  units  for  current  of 
1  electron/sec,  0  =88°. 
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Figure  2-15  is  a  plot  of  the  quantity  G(R) ,  where 


G(R) 


(Z , R) dZ 


(2-1) 


is  the  column  deposition  rate,  for  a  single  electron,  parallel  to  the  magnetic 
field  as  a  function  of  distance,  R  (meters),  from  the  initial  guiding  field 

o 

line.  To  convert  to  ki loravleighs  (3914  A),  multiply  the  ordinate  by 
8 . 9  *  1 0^  I  (amps)  . 


Figures  2-16  and  2-17  show  the  column  deposition  rate  normal  to 

(and  through)  the  initial  guiding  field  line  as  a  function  of  distance, 

-2  ° 

Z(gm  cm  ),  along  the  field .  To  convert  to  ki  lorayleighs  (3914  A),  multiply 

6  3 

the  ordinate  by  8.9  *10  I(amps)p(gm  cm  ). 

COMPARISON  WITH  PRECEDE  II  IMAGE 


To  check  the  reasonableness  of  the  foregoing  brightness  contours, 
we  have  attempted  to  compare  our  calculations  with  a  video  camera  image 
recorded  during  the  PRECEDE  II  experiment  that  took  place  over  the  White 
Sands  Missile  Range,  New  Mexico,  on  13  December  1977.  This  experiment, 
described  in  Reference  2-2,  was  an  engineering  test  of  a  rocket-borne 
electron  accelerator  module,  providing  a  pulsed  3-kV,  7-A  electron  beam,  and 
of  a  newly  designed  liquid-N^  cooled  infrared  Michelson  interferometer. 

For  orientation  purposes,  Figure  2-18  shows  a  plan  view  of  the 
White  Sands  Missile  Range  including  the  rocket  trajectory  and  various  ground 
observation  stations  for  the  PRECEDE  II  event.  The  electron  gun  was  operated 
in  a  pulse  mode  with  a  6  sec  period,  4.3  sec  on  and  1.7  sec  off,  on  ascent 
between  about  97  km  and  apogee  at  102.34  km,  and  down  to  about  80  km  on 
descent.  The  luminosity  produced,  including  prompt  air  fluorescence  and  air 
afterglow  emissions,  was  video  recorded  at  the  Stallion  Optical  Site 
(Figure  2-18)  with  the  aid  of  the  Air  Force’s  14-inch  and  31-inch  diameter 
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Column  deposition  rate,  for  a  single  electron,  parallel  to  the 
earth's  field,  for  parametric  values  of  the  electron's  initial 
pitch  angle. 


N(magnetic) 


Figure  2-18.  PRECEDE  II  experiment:  White  Sands  missil 
range  map  (from  Reference  2-2). 


satellite  tracking  telescope  systems  (GEODSS  facility).  A  pictorial  sketch 
of  the  viewing  geometry  involved  and  the  energy  deposition  volume  aligned 
witn  earth's  field,  B,  is  shown  in  Figure  2-19.  A  time  sequence  of  video 
images  (not  shown  in  this  report)  for  a  single  pulse  period  near  rocket 
apogee  shows  first,  at  .04  sec  after  gun  turn-on,  a  clean  image  due  only  to 
prompt  fluorescence  (Reference  2-3).  By  0.6  sec  the  image  is  broader  due 
to  the  appearance  of  afterglow  emission.  This  afterglow  emission  tends  to 
dominate  and  mask  the  prompt  f luoresccnce-emi tt ing  deposition  volume  until 
gun  shut-off  at  4.3  sec. 

The  image  that  we  have  chosen  to  represent  the  luminous  prompt 
deposition  volume  is  the  one  recorded  .04  sec  after  beam  turn-on  when  the 
electron  gun  was  just  past  apogee  on  descent  at  102.5-km  altitude.  At  this 
time,  according  to  AFGL  calculations  (Reference  2-3),  the  gun  was  firing 
down  the  field  (toward  the  earth)  ujith  the  beam  axis  at  a  pitch  angle  of 
about  63°  to  the  earth's  field.  However,  the  beam  had  a  full  c one  angle  of 
30°  and  at  .04  sec  electrons  with  pitch  angles  from  48°  to  80°  arc  calculated 
to  have  been  present.  Based  on  the  AFGL  results,  we  estimate  the  mean  pitch 
angle  was  about  65°. 

o 

Some  calculated  characteristics  of  the  3914- A  emission  intensity 
for  a  7  amp,  3  keV  electron  beam  at  102.5-km  altitude  are  shown  in  figures 

o 

2-20  and  2-21.  Figure  2-20  shows  the  3914  A  brightness,  normal  to  the 
magnetic  field,  as  a  function  of  distance*  along  the  central  (guiding)  field 
line  for  electron  pitch  angles  of  60°,  65°,  and  80°.  The  peak  brightness  in 
these  cases  is  2.5,  1.8,  and  2.4  MR,  respectively.  As  seen,  the  intensity 
drops  rapidly  with  distance  in  either  direction  along  the  field  from  the 
gun,  falling  by  an  order  of  magnitude  500  meters  down  the  field. 


*  Distances  measured  upward  along  the  field  from  the  gun  are  positive; 
downward  along  the  field  arc  negative. 
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Brightness  (kilorayleighs) 


Figure  2-21  shows  the  calculated  off-axis  brightness,  at  3914  A 
normal  to  the  magnetic  field,  along  a  line  through  the  electron  gun,  for 
pitch  angles  of  65°  and  80°,  The  intensity  is  seen  to  drop  rapidly  in  a 

direction  away  from  the  guiding  field  line,  falling  by  an  order  of  magnitude 

in  a  radial  distance  of  about  20  meters. 

To  compare  the  observed  image  with  our  calculations,  it  has  been 
necessary  to  correct  it  for  the  foreshortening  effect,  caused  by  the  fact 
that  the  angle  between  the  line  of  sight  from  the  observer's  station  and 
the  magnetic  field  was  about  25°  rather  than  90°  (see  Figure  2-19),  and  to 
thus  reconstruct  the  image  as  it  would  appear  when  viewed  normal  to  the 
magnetic  field.  The  middle  profile  in  Figure  2-22  shows  the  results  of  our 
reconstruction.  It  has  a  maximum  diameter,  normal  to  the  magnetic  field, 

of  about  70  meters,  and  down-  and  up-field  dimensions  of  about  0.83  and 

0.50  km,  respectively.  To  compare  the  image  with  our  calculated  brightness 
contours,  we  have  used  Figures  2-4  to  2-14  to  construct  contours  of  constant 
brightness,  in  real  space  units  for  an  altitude  of  102.3  km,  that  have  maxi¬ 
mum  radial  diameters  of  70  meters.  Two  of  these  contours  are  shown  in 
Figure  2-22.  The  top  one,  calculated  for  a  pitch  angle  of  80°,  corresponds 

o 

to  a  3914-A  brightness  of  78  kR.  The  bottom  one,  calculated  for  a  pitch 
angle  of  65°,  corresponds  to  a  brightness  of  56  kR. 

The  most  favorable  comparison  with  the  observed  image  in  Figure  2-22 
occurs  for  a  pitch  angle  of  65°.  Here  the  ratio  of  down-field  to  up-field 
lengths  is  about  right.  For  smaller  pitch  angles,  this  ratio  is  too  large, 
relative  to  the  observed  image;  for  larger  pitch  angles,  it  is  too  small. 

For  example,  for  the  80°  case  shown  in  Figure  2-22,  the  down-field  dimension 
is  more  nearly  equal  to  the  up-field  dimension  than  what  is  actually  observed. 

It  is  gratifying  that  the  most  favorable  comparison  between  theory 
and  experiment  occurs  when  the  pitch  angle  for  the  calculated  image  cor¬ 
responds  to  the  mean  pitch  angle  for  the  observed  image.  Better  agreement 
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Radial  Distance  Normal  to  Field  (meters) 


Figure  2- 


O 

.  Calculated  brightness  at  3914  A  normal  to  magnetic  field 
along  line  through  electron  gun. 


radial  diameter  of  70  meters. 


SECTION  3 

EXCEDE :SPECTRAL  CALCULATIONS 


PRELIMINARY 

The  EXCEDE: SPECTRAL  payload  was  launched  from  Poker  flat,  Alaska 
on  October  19,  1979  carrying  4  electron  gun  modules  each  capable  of  deliverin 
an  8-A  beam  of  3  keV  electrons.  As  described  in  Reference  3-1,  the  payload 
contained  an  array  of  ultraviolet,  visible,  and  cryogenic  infrared  spectrom¬ 
eters,  photometers,  and  both  film  and  television  cameras.  In  addition,  a 
number  of  remote  sites  were  used  to  augment  the  measurement  capability  of 
the  experiment,  with  instruments  that  included  ground-based  film  and  tele¬ 
vision  cameras. 

One  on-hoard  camera,  with  fast  black-and-white  film  and  a  filter 
°  + 

cutting  off  above  4600  A,  measured  principally  omission  in  hirst  Negative 
ai r- fluorescence  bands  and,  secondarily,  some  Second  Positive  bands.  It 
is  reduced  data  from  this  camera  that  is  of  primary  concern  to  us  in  this 
section.  Some  cons i derat i on  will  also  he  given  to  preliminary  optical  data 
from  one  of  the  ground-based  cameras. 

This  experiment  is  the  first  of  its  nature  to  provide  on  board 
photographic  data  suitable  for  determining  radiance  contours  of  prompt 

o 

emission,  especially  near  3914  A.  It  is,  therefore,  particularly  useful 
in  checking  the  applicability  of  predictive  codes  that  calculate  the  spatial 
dependence  of  the  energy  deposition  rate  surrounding  electron  beams  in  space. 
This  section  describes  the  results  of  a  comparison  between  our  code  ealcula- 
lations  and  the  reduced  photographic  data  for  one  particular  gun  pulse, 
corresponding  to  an  altitude  of  123  km  on  rocket  ascent. 
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Figure  3-1  (from  Reference  5-1)  shows  the  relative*  positions,  on 
the  rocket  payload,  of  the  four  electron  guns  and  the  camera,  along  with  a 
plan  view  of  the  projection  of  the  camera's  field  of  view  and  the  region 
into  which  electrons  from  liXCHPF  :SPFCTRAL  gun  *'•  4  may  deposit  energy. 

Positions  of  other  instruments  are  indicated  by  the  letters  A  through  F. 
the  guns  were  pulsed  with  on  and  off  times  nominally  I  and  5  sec,  respectively 
t he  electrons  emerging  from  each  gun  in  a  cone  of  semi  angle  about  15°.  On 
rocket  ascent,  the  axes  of  the  cones  were  approximately  aligned  with  the 
earth's  magnetic  field  with  the  guns  firing  tip  the  field.  For  the  pulse 
corresponding  to  an  altitude  of  about  125  km  on  ascent,  which  we  shall  be 
considering  here,  only  gun  *4  was  firing.  The  current  was  approximately  7  A. 

CODE  CALCULATIONS  AND  COMPARISONS  WITH  PHOTOMETRICS  DATA 

Our  electron  deposition  code,  described  in  Reference  2-1,  was 
modified  to  calculate  the  energy  deposition  rate  surrounding  a  5-keV 
electron  beam  that  emerges  from  the  gun  in  a  cone  of  half  angle  15°,  with 
axis  aligned  along  the  earth's  field.  The  electrons  are  assumed  to  emerge 
uniformly  over  the  initial  pitch-angle  range  from  0°  to  15°. 

Figure  5-2  shows  contours  of  constant  energy  deposition  rate 

(eV  gm  ^ )  for  a  single  5-koV  electron  with  0°  pitch  angle.  The  ordinate 

is  the  radial  distance  (m)  from  the  central  guiding  field  line,  and  the 

_ 

abscissa  is  the  normalized  distance  (gm  cm  “)  along  the  field  line  measured 
from  the  gun  position.  As  described  in  Section  2,  the  contours  can  be 
converted  to  units  of  eV  cm  *  sec  ^  by  multiplying  by  0.25  x  10^  I  and 
tin*  distance  along  the  field  can  he  converted  to  units  of  cm  by  dividing  by 
the  local  density,  >>. 

Figure  5-5  shows  corresponding  contours  for  the  case  where  the 
initial  electron  pitch  angle  is  smeared  over  a  cone,  of  half  angle  15°, 
aligned  with  the  magnetic  field.  Inspection  of  Figures  5-2  and  5-5  shows 
them  to  he  very  similar,  except  in  the  region  near  the  electron  gun  where 
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Figure  3-1.  Plan  view  of  the  projection  of  the  cameras’  field  of 
view  and  the  region  into  which  electrons  from  EXCEDE: 
SPECTRAL  accelerator  #4  deposit  energy  (as  measured 
by  the  cameras)  (from  Reference  3-1). 
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Figure  3-2.  Volume  deposition  rate  (eV  gm~^)  of  3-keV  electron  beam  in 
earth's  magnetic  field  in  normalized  units  for  current  of 
1  electron/sec;  beam  initially  parallel  with  0°  pitch  angle 
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Figure  3-3.  Volume  deposition  rate  (eV  gm  )  of  3-keV  electron  beam  in 
earth's  magnetic  field  in  normalized  units  for  current  of 
1  electron/sec;  beam  initially  in  cone  of  semi  angle  15° 
with  axis  parallel  to  magnetic  field. 


t ho  "JM  contour  (actually  just  a  point)  is  nearly  5  times  larger  in  the  0° 
case  than  it  is  in  the  case  of  the  cone'  where  the  energy  is  more  smeared  out. 
I'urtherme  e,  the  peak  value  of  the  energy  deposition  (point  "I" )  for  the  0° 
cast1  occurs  at  1-0  whereas,  for  the  cone,  it  oeeurs  at  I  '*  0. 

figure  a-l  (from  Reference  3- 1 )  shows  the  radiance  distribution* 
in  the  image  [Wane  of  the  camera  inferred  by  Photometries  from  densitometer 
analysis  of  the  photographic  film  for  a  frame  correspond i ng  to  an  altitude 
of  1 23  km.  hi  near  distances  along  the  ordinate  and  abscissa  of  figure  3-4 
are  proportional  to  distance's  on  the  film  negative.  distance  measured  along 
the  fieam  from  the  gun  (  ’4)  nozzle,  and  also  the  angle  to  the  magnetic  field 
{ see  figure  3-1),  are  shown  along  the  ordinate.  Distance  measured  perpen¬ 
dicular*  to  the  beam  for  this  projection  is  shown  by  dashed  lines.  The 

-  2  - 1  - 1 

radiance  contours  are  in  units  of  ergs  cm  sec  stcr  .  Notice  the  saddle 
point  (relative  minimum)  in  the  intensity  that  occurs  when  the1  angle  to 
the  magnetic  field  is  about  43°.  The  intensity  is  seen  to  increase  from  this 
point  ns  the  angle  with  tire  field  decreases  (Viewing-region  farther  along 
the  beam)  and  also  as  the  angle  increases  (vi owi ng-regi on  closer  to  the  gun). 

o 

figure  3-3  is  the  calculated  3914  A  radiance  in  the  image  plane 
of  the  camera  corresponding  to  the  case  of  a  parallel  beam  with  0°  initial 
pitch  angle.  figure  3-6  is  the  corresponding  representat i on  for  a  conical 
beam  of  half  angle  13°,  and  is  the  appropriate  one  to  compare  uith  the 
photographic  data  shown  in  figure  3-1.  These  results  are  based  on  an  assumed 

o  - 

f luorescertce  efficiency  at  3914  A  of  4.3*  10  ‘  ,  an  atmospheric  density  of 
l .  "  1 7  *  10  ^  gm  cm  and  a  beam  current  of  7  A. 

These  radiance1  valucs0arc  for  the  entire  filter  band  that  extends  f  r  m 
about  3600  A  to  4700  A.  They  are  assumed  to  equal  approx  i mat  e  1  >  1.3 
times  the  radiance  values  due  to  3914  A  emission  alone  (Kefereno-  ^-2). 

The  actual  data,  referred  to  here  as  the  "in-band  data,"  when  reduced 
by  a  factor  of  1.3,  will  he  referred  to  as  the  "391  1  A  data.'* 
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Figure  3-4.  "In-band"  radiance  distribution  projected  to  the  onboard 
camera  when  EXCEDE :SPECTRAL  is  at  123  km  and  the  outboard 
electron  accelerator  (-4  in  Figure  3-1)  emits  7  amperes. 
The  original  optical  density  distribution  on  the  film  has 
been  converted  to  scene  brightness  after  correction  for 
vignetting  and  distortion  by  the  camera's  lens.  Distance 
measured  along  the  beam  from  the  accelerator  port  is 
shown  on  tho  lefthand  scale,  and  the  distance  scale  per¬ 
pendicular  to  the  beam  for  this  projection  is  shown  as 
dashed  lines  (from  Reference  3-1). 


DISTANCE  ALONG  BEAM,  METERS 


Comparison  of  Figures  3-4  and  3-6  reveals  a  large  discrepancy  in 
both  the  magnitude  and  shape  of  the  contours  of  constant  brightness, 
especially  in  the  region  within  about  7  meters  of  the  electron  gun.  The 
saddle  point,  or  relative  minimum  on  axis  at  about  4.3  meters  from  the  gun, 
that  is  evident  in  the  data  of  Figure  3-4,  is  entirely  missing  in  Figure  3-3. 
Rather,  the  calculations  show  a  monotonic  decrease  in  brightness  as  the 
viewing  angle  to  the  magnetic  field  increases  from  1°  to  00°,  When  the 
sight  path  is  normal  to  the  magnetic  field  (on-axis  viewing  point-  1.623 

meters  from  gun  M),  the  observed  in-band  intensity  (Figure  3-41  is  about 

-2-1  -1  -2-1  -1  ° 

13  ergs  cm  sec  ster  (or  10  ergs  cm  sec  ster  at  3014  A1  .  The 

calculated  intensity  (ligure  3-6),  under  the  same  viewing  conditions,  is 
-*>  - 1  - 1 

about  0.07  ergs  cm  sec  ster  ,  which  is  142  times  smaller  than  the 
3014  A  data. 


At  larger  distances  from  the  gun,  the  discrepancy  between  the 
data  and  the  calculations  is  less  but  still  significant.  For  example,  the 

o 

difference  between  the  calculated  and  observed  projected  radiance  (at  3014  A) 
for  points  at  6,  10,  and  23  meters  from  the  gun  are  factors  of  about  4, 

6,  and  10,  respectively,  whereas  the  brightest  point  calculated  (correspond¬ 
ing  to  a  viewing  angle  to  the  magnetic  field  of  1°,  or  to  a  point  163  m 
from  the  gun)  is  a  factor  of  only  1.6  less  than  the  brightest  down-the-f i old 
point  shown  in  the  data. 

The  apparent  radial  dimension  of  the  beam,  infc'rred  from  the  data, 
is  also  larger  than  that  inferred  from  the  calculations.  For  example,  at 
a  point  23  m  from  the  gun.  Figure  3-4  shows  that  the  0.1  "in-band"  brightness 
contour  is  at  a  radial  distance  of  about  4.3  m.  This  is  to  be  compared 
with  a  corresponding  radial  distance  of  only  about  2  m  inferred  from 
Figure  3-6. 

Further  comparisons  between  the  photographic  data  and  1  he  calcu¬ 
lations  are  shown  in  Figures  3-7  and  3-8.  Figure  3-7  shows  the  brightness 
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log  (BRIGHTNESS,  ergs  cm  1  sec 


Figure  3-7.  EXCEDE : SPECTRAL  radiance  projected  to  the  onboard  camera 

along  the  electron  beam  axis  and  also  viewing  perpendicular 
to  the  axis;  calculation  and  photographic  data  compared. 
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COLUMN  BRIGHTNESS,  erg/cm^-sec-sr 


projected  to  the  image  plane,  and  also  normal  to  the  beam  axis,  as  functions 
of  distance  from  the  accelerator.  Both  the  "in-band"  photographic  data 

o 

(from  Reference  3-1)  and  the  calculated  3914  A  values  are  shown.  To  direct lv 
compare  these  curves,  the  calculated  brightness  should  be  multiplied  by  1.3. 
Consistent  with  figure  3-4,  the  photographic  data  show  a  rapid  decrease  in 
intensity  in  the  first  4  meters  from  the  accelerator.  However,  beyond 
about  9  or  It)  meters  from  the  accelerator,  the  observed  intensity  normal 

_  i 

to  the  beam  remains  roughly  constant  at  a  value  of  about  1.15  ergs  cm 

sec  ^  stcr  In  this  region  the  behavior  of  the  data  and  the  theoretical 

curves  are  quite  similar,  except  in  magnitude,  with  the  calculated  intensity 

o 

normal  to  the  beam  being  about  a  factor  of  10  less  than  the  3914  A  data. 

Figure  3-8  shows  the  observed  and  calculated  radiance  projected 
to  the  onboard  camera  transverse  to  the  electron  beam’s  axis  at  distances 
of  4  m  and  b  m  from  the  accelerator.  Again,  for  a  direct  comparison  of 
these  curves,  the  calculated  values  should  be  multiplied  bv  a  factor  of  1.5. 
When  this  is  done,  we  find  that  the  calculated  brightness  through  the  beam 
axis  is  less  than  the  photographic  data  by  factors  of  about  8.5  and  8.0 
at  4  m  and  0  m,  respectively,  from  the  gun. 

COMPARISON  WITH  PRELIMINARY  TIC  DATA 

('.round-based  photographic  observations  of  the  EXCEDE ‘.SPECTRAL 
event  were  made  by  the  Technology  International  Corporation  (TIC).  Some 
prel iminarv  results  of  their  dens i tometri c  analysis  for  three  pulse  images 
have  been  made  available  to  us  (Reference  3-7).  These  preliminary  results 
give  relative  radiance  values  as  a  function  of  distance  along  the  beam. 

We  have  attempted  to  compare  our  calculated  values  of  radiance 
normal  to  the  beam  with  the  TIC  data  for  the  case  of  a  pulse  recorded  when 
the  payload  was  at  an  altitude  of  124  km  on  ascent.  The  results  are  shown 
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in  figure  3-9.  The  photographic  data  have  been  arbitrarily  normalised  to 
the  calculated  intensity  at  a  distance  of  3  km  along  the  beam  from  the 
accelerator.  The  origin  in  the  abscissa  scale  is  the  position  “1  t  lie 
electron  gun. 

Although  the  peak  relative  intensity  is  not  given  for  the  photo¬ 
graphic  data,  it  is  reasonable  to  conclude  from  figure  3-9  that  the  ground- 
based  data  support  a  considerable  enhancement  of  the  brightness  in  the 
vicinity  of  the  gun,  at  least  qua  I i t a t i v e 1 y  consistent  with  the  on-board 
camera  observations.  1*  inner  conclusion'  can  be  reached  only  after  absolute 
radiance  values  have  been  assigned  to  tne  TIC  data. 

COMMENTS 

It  is  obvious  from  the  foregoing  comparisons  that  t ho  theoretically- 
inferred  deposition  of  energy  surrounding  the  electron  beam  dot's  not  agree 
with  the  photographic  data,  at  least  in  the  region  within  a  few  meters  of  the 
electron  gun  where  the  observed  intensity  is  up  to  two  orders-of-magn i t ude 
greater.  There  is,  thus,  a  very  bright  region  near  the  gun  that  t  lie  theory, 
based  on  single  particle  deposition  in  an  ambient  atmosphere,  does  not 
predict.  As  for  the  beam  farther  from  the  gun,  it  is  difficult  to  unravel 
accurately  its  behavior  by  analysis  of  the  onboard  photographic  data  (Figure 
3- J )  because  most  lines  of  sight  from  the  camera  transverse  the  close-in 
bright  region  which  tends  to  mask  emission  from  the  more  remote  regions. 

Thus,  it  seems  to  us  that  the  field  data  presented  in  Figure  3-7,  for 
distances  greater  than  about  10  meters  from  the  accelerator,  may  overestimate 
the  actual  radiance  normal  to  the  beam  axis.  However,  even  if  this  is  the 
case,  it  is  unlikely  that  the  distortion  could  account  for  the  full  factor 
of  10  difference  between  theory  and  experiment. 
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TIC  Data  (Normalized  to  Calculation  at  3km) 
MRC  Calculation 


Figure  3- 
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EXCEDErSPECTRAL  radiance  (3914A)  normal  to  beam  axis  at 
124  km  (ascent);  calculation  and  photographic  data 
compared. 


Tho  theory,  upon  which  our  code  is  based,  and  which  is  described 
in  detail  in  Reference  2-1,  gives  results  that  are  in  good  agreement  with 
laboratory  data  by  Grim  (Reference  3- 3)  and  Cohn  and  Caledonia  (Reference 
3-1),  and  with  other  codes,  for  example  the  Lockheed  code  (Reference  3-3). 
Therefore,  to  the  extent  that  the  electron  beam  can  be  treated  as  a  collection 
of  independent  particles  depositing  energy  in  the  ambient  atmosphere,  we 
feel  that  our  code  results  are  essentially  correct.  On  the  other  hand, 
the  photographic  data  reduction  is  probably  also  essentially  correct . 

The  reason  for  the  discrepancy  is  not  known  for  sure  at  the 
present  time.  However,  it  may  well  owe  its  origin  to  the  possibility  that 
the  beam  electrons  near  the  gun  are  not  acting  independently  nor  depositing 
their  energy  primarily  in  ambient  air.  Bernstein  et  al .  (Reference  3-6) 
have  found  that  for  electron  beam  experiments  conducted  in  a  large  vacuum 
tank  environment  (that  simulates  the  pressure  and  earth's  magnetic  field  at 
altitudes  between  about  110  and  150  km)  a  beam  plasma  discharge  (BPP)  occurs 
when  the  beam  current  exceeds  a  certain  critical  value.  After  onset  of  the 

o 

BPP,  a  large  increase  in  the  391 4- A  intensity  is  observed  to  occur,  accom¬ 
panied  by  a  large  radial  expansion  of  the  beam  profile  to  the  point  where 
single  particle  trajectory  features  disappear.  The  conditions  required  for 
onset  of  the  BPP  appear  to  he  fulfilled  in  the  TXCTPT  experiments. 
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SECTION  4 

SUMMARY,  CONCLUSIONS,  AND  RECOMMENDATIONS 


This  report  describes  work  performed  to  determine  the  adequacy  of 
an  electron  energy-deposition  code  (which  is  based  on  single  particle 
dynamics  and  is  consistent  with  the  theory  inherent  in  nuclear  predictive 
codes)  to  account  for  the  magnitude  and  spatial  distribution  of  energy 
deposition  surrounding  electron  beams  in  space.  For  this  purpose,  com¬ 
parisons  were  made  between  our  code  predictions  and  camera  data  relating 
to  the  PRECEDE  II  and  EXCEDE : SPECTRAL  experiments. 

The  PRECE.DE  II  analysis  involved  a  comparison  between  the  sire 
anti  shape  of  a  video  camera  image  of  a  pulse  at  an  altitude  of  102  km, 
recorded  from  the  ground,  and  the  calculated  profile.  Radiance  values  from 
the  field  data  are  not  available  for  comparison.  The  EXCEDE : SPECTRAL  work 
involved  primarily  a  detailed  comparison  between  the  calculated  and  observed 

o 

radiance  (3914  A)  distribution,  in  the  image  plane  of  an  on-board  black  and 
white  camera,  for  a  beam  pulse  at  an  altitude  of  123  km.  Secondarily,  it 
involved  a  comparison  with  preliminary  photographic  data  recorded  from  the 
ground  on  a  similar  pulse. 

In  summary,  the  conclusions  reached  are  as  follows. 

(1)  The  overall  size  and  shape  of  the  PRECEDE:  II  image  is  reason¬ 
ably  consistent  with  the  calculated  size  and  shape  based  on  contours  of 
constant  brightness.  This  comparison  involved  the  gross  dimensions  of  the 
pulse  which  are  approximately  1.3  km  a  1 ong-the-f ie Id  and  70  meters  a cross - 
thr-ficld.  No  high  spat ial -rcsolut i on  or  intensity  comparisons  can  be  made. 
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4. 


(JM  lor  the  h\l'l:I)f: : SIMiCTKAL  image,  the  predicted  radiance  dis¬ 
tribution  is  in  gross  disagreement  with  the  reduced  photographic  data  front 
t he  on-board  camera,  at  least  for  the  region  within  a  few  meters  of  the 
electron  gun.  In  this  region,  the  radiance  data  are  as  much  as  2  orders  -  of - 
magnitude  larger  than  the  code  prediction.  This  conclusion  appears  to  be 
qualitatively  supported  by  the  preliminary  ground-based  photographic  data, 
although  a  firm  conclusion  regarding  this,  and  also  the  beam  behavior 
farther  from  the  gun,  cannot  be  made  until  absolute  intensities  are 
assigned  to  these  data. 

It  appears  that  there  is  something  akin  to  the  beam  plasma  dis¬ 
charge  ( BPDl  phenomenon  occurring  in  the  I:\CP- PH :  SPPCTRAL  experiment  that 

o 

serves  to  greatly  enhance  the  emission  rate  of  3911 -A  photons  and  to  enlarge 
tlie  beam,  at  least  in  the  vicinity  of  the  electron  gun.  Although  the 
phenomenon  is  not  well  understood,  it  is  believed  that  in  a  BPP  additional 
ionization  is  produced  through  a  cascade  effect  or  discharge  in  which  the 
plasma  electrons  are  heated,  possibly  by  cyclotron  waves,  to  energies  where 
they  can  ionize  the  ambient  neutral  gas  to  levels  greatly  exceeding  those 
produced  by  the  beam  itself  (Reference  3-o). 

The  secondary  electron  energy  spectrum,  under  BPb  conditions,  is 
likely  to  be  very  different  from  that  which  exists  for  a  normal  beam,  or 
under  conditions  following  X  -  ray  or  beta-particle  deposition  in  a  nuclear 
environment.  The  implication  is  that  certain  conclusions  drawn  from 
spectral  observations  of  spatial  regions  where  a  BPP  is  operating  may  not 
be  applicable  to  the  nuclear  case.  for  example,  the  excitation  rate  of 
#\  fv=  ]  )  ,  leading  to  vibrnlumi ncsccncc ,  may  be  quite  different,  relative 

o  ~ 

to  the  39 11  -  A  emission  rate,  under  BPl)  conditions  than  it  is  under  ’’normal” 
cond i t i ons . 


liven  though  BP))  conditions  may  occur  in  a  region  near  the  electron 
gun,  it  is  only  reasonable  to  suppose  that  at  some  distance  along  the  beam, 
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sufficiently  far  from  the  gun ,  the  current  of  electrons  drops  to  :i  sub-  ■  1 

eririeal  \alue  where  the  HIM)  can  no  longer  he  maintained.  Thereafter,  the 
beam  should  behave  in  a  "normal11  manner.  For  FXFFPF  diagnostic  purposes, 
as  well  as  lor  planning  future  FXCFPF  experiments,  it  is  very  important  to 
Ik-  able  to  distinguish  between  those  regions. 

To  help  clarify  the  applicability  of  present  and  future  1  Xfl.Pl. 
data  for  use  in  upgrading  our  nuclear  (infrared)  predictive  codes,  we  make 
the  following  recommendations. 

(1)  Utilise  available  data  and/or  theory  to  confirm  the  presence 
of  the  BPP  phenomenon  in  HXCHPF  experiments.  For  example,  from  the  available 
spectral  data  obtained  in  the  FXCHPF : SPFFTKAI.  experiment,  determine  the 

o 

intensity  ratios  for  selected  lines  and  bands  (including  3P11  A/ 1 . 3  am)  and 
compare  them  with  corresponding  ratios  measured  (or  computed)  for  the  aurora. 

Significant  differences  may  be  indicative  of  a  BPP  phenomenon  in  the  electron 
beam. 

(2)  If  BPP  is  confirmed,  utilize  all  relevant  data,  together  with 
applicable  theory  as  necessary,  in  an  attempt  to  delineate  those  spatial 
regions  where  the  BPP  and  "norma  1"  conditions  apply. 

(3)  In  planning  future  FXCFPF  experiments,  incorporate  measure¬ 
ments  from  a  platform  sufficiently  removed  from  the  electron  accelerator  to 
permit  an  unobstructed  view  over  a  considerable  length  of  the  electron 
beam.  In  addition  to  reasons  advanced  elsewhere  for  such  a  stand-off 


platform,  the  possible  presence  of  a  BP1)  in  the  vicinity  of  the  electron 
gun  adds  further  impetus  to  this  requirement. 
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ATTN:  Security 

Barry  Research  Corporation 
ATTN:  J.  McLaughlin 

BDM  Corp 

ATTN:  T.  Neighbors 
ATTN:  L.  Jacobs 

Berkeley  Research  Associates,  Inc 
ATTN:  J.  Workman 

BETAC 

ATTN:  J.  Hirsch 


Boeing  Co 

ATTN:  S.  Tashi rd 
ATTN:  G.  Hall 

ATTN:  M/S  42-33,  0.  Kennedy 

Booz-Allen  &  Hamilton,  Inc 
ATTN:  B.  Wilkinson 

University  cf  California  at  San  Diego 
ATTN:  H.  Booker 

Charles  Stark  Draper  Lab,  Inc 
ATTN:  D.  Cox 
ATTN:  J.  Gilmore 

Communications  Satellite  Corp 
ATTN:  D,  Fang 

COMSAT  Labs 

ATTN:  G.  Hyde 
ATTN:  R.  Taur 

Cornell  University 

ATTN:  M.  Kelly 
ATTN:  D.  Farley,  Jr 

Electrospace  Systems,  Inc 
ATTN:  H.  Logston 

ESL,  Inc 

ATTN:  J.  Marshall 

General  Electric  Co 

ATTN:  M.  Bortner 
ATTN:  A.  Harcar 

General  Electric  Co 

ATTN:  C.  Zierdt 
ATTN:  A.  Steinmayer 

General  Electric  Co 

ATTN:  F.  Reibert 

General  Electric  Tech  Services  Co,  Inc 
ATTN:  G.  Millman 

General  Research  Corp 

ATTN:  J.  Garbarino 
ATTN:  J.  Ise,  Jr 
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Horizons  Technology,  Inc 


ATTN 

R. 

Kruger 

HSS,  Inc 

ATTN 

D. 

Hansen 

IBM  Corp 

ATTN 

F. 

Ricci 

University 

of  I 

llinois 

ATTN 

Security  Supervisor 

Institute  i 

for  Defense  Analyses 

ATTN 

J. 

Bengston 

ATTN 

J. 

Aein 

ATTN 

E , 

Bauer 

ATTN 

H. 

Wol fhard 

International  Tel  &  Telegraph  Corp 
ATTN:  G.  Wetmore 
ATTN:  Technical  Library 


JAYCOR 

ATTN:  J.  Sperling 

JAYCOR 

ATTN:  J.  Doncarlos 
Johns  Hopkins  University 


ATTN: 

T.  Potemra 

ATTN: 

J.  Phillips 

ATTN: 

T.  Evans 

ATTN: 

J.  Newland 

ATTN: 

P.  Komiske 

Kaman  TEMPO 

ATTN:  W.  McNamara 
ATTN:  T.  Stephens 
ATTN:  M.  Stanton 
ATTN:  W.  Knapp 
ATTN:  DAS I AC 

Linkabit  Corp 

ATTN:  I.  Jacobs 


Litton  Systems,  Inc 

ATTN:  R.  Grasty 

Lockheed  Missiles  S  Space  Co,  Inc 
ATTN:  R.  Johnson 
ATTN:  M.  Walt 
ATTN:  W.  Imhof 

Lockheed  Missiles  &  Space  Co,  Inc 
ATTN:  Dept  60-12 
ATTN:  D.  Churchill 

M.  I . T.  Lincoln  Lab 

ATTN:  D.  Towle 
ATTN:  L.  loughlin 

Martin  Marietta  Corp 

ATTN:  R.  Heffner 

Meteor  Communications  Consultants 
ATTN:  R.  Leader 
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McDonnel 1 

Touglas  Corp 

Rockwell  International  Corp 

ATTN 

W.  Olson 

ATTN:  S.  Quilici 

ATTN 

6.  Mro2 

ATTN 

R.  Halprin 

Santa  Fe  Corp 

ATTN 

J.  Moule 

ATTN:  D.  Paolucci 

ATTN 

N.  Harris 

Science  Applications,  Inc 


Mission  Research  Corp 

ATTN 

E.  Straker 

ATTN 

R.  Hendrick 

ATTN 

D.  Hamlin 

ATTN 

F.  Fajen 

ATTN 

L.  Linson 

ATTN 

D.  Sappenfield 

ATTN 

C.  Smith 

ATTN 

Tech  Library 

ATTN 

R.  Kilb 

Science  Applications,  Inc 

ATTN 

S.  Gutsche 

ATTN 

SZ 

ATTN 

R.  Bogusch 

4  cy  ATTN 

D.  Archer 

Science  Applications,  Inc 

5  cy  ATTN 

Document  Control 

ATTN 

J.  Cockayne 

Mitre  Corp 

SRI  International 

ATTN 

B.  Adams 

ATTN 

G.  Smith 

ATTN 

A.  Kymmel 

ATTN 

W.  Jaye 

ATTN 

G.  Harding 

ATTN 

D.  Neilson 

ATTN 

C.  Callahan 

ATTN 

A.  Burns 

ATTN 

G.  Price 

Mitre  Corp 

ATTN 

R.  Tsunoda 

ATTN 

W.  Foster 

ATTN 

R.  Livingston 

ATTN 

J.  Wheeler 

ATTN 

W.  Chesnut 

ATTN 

M.  Horrocks 

ATTN 

J.  Petrickes 

ATTN 

W.  Hall 

A.  TN 

R.  Leadabrand 

ATTN 

C.  Rino 

Pacific-Sierra  Research  Corp 

ATTN 

M.  Baron 

ATTN 

F.  Thomas 

ATTN 

E.  Field,  Jr 

Syl vania  Systems  Group 

ATTN 

H.  Brode 

ATTN 

M.  Cross 

Pennsylvania  State  University 

Technology 

International  Corp 

ATTN 

Ionospheric  Research  Lab 

ATTN 

W.  Boquist 

Photometries,  Inc 

Tri-Com,  Inc 

ATTN 

I.  Kofsky 

ATTN 

D.  Murray 

Physical  Dynamics,  Inc 

TRW  Defens 

2  &  Space  Sys  Group 

ATTN 

t.  Fremouw 

ATTN 

R.  Plebuch 

ATTN 

D.  Dee 

R  &  D  Associates 

ATTN 

W.  Kat  zas 

Utah  State 

Uni versi ty 

ATTN 

F.  Gilmore 

ATTN 

K.  Baker 

ATTN 

B.  Gabbard 

ATTN 

J.  Dupnik 

ATTN 

M.  Gantsweg 

ATTN 

L.  Jensen 

ATTN 

C.  Greifinger 

ATTN 

W.  Wright 

Visidyne, 

Inc 

ATTN 

R.  Turco 

ATTN 

J.  Carpenter 

ATTN 

H.  Cry 

ATTN 

C.  Humphrey 

ATTN 

R.  Lelevier 

ATTN 

P.  Haas 

R  &  D  Associates 

ATTN 

:  L.  Delaney 

ATTN 

:  B.  Yoon 

Rand  Corp 

ATTN:  E.  Bedrozian 
ATTN:  C.  Crain 

Riverside  Research  Institute 
ATTN:  V.  Trapani 

Rockwell  International  Corp 
ATTN:  R.  Buckner 
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